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ABSTRACT

The dark current of Quantum Well Inter-subband Photodetectors is affected by 1/f noise that limits the detectivity.
This paper applies for the first time conventional quantum 1/f noise expressions to calculate the expected level of 1/f
noise in QWIPs and applies the resulting engineering formulas to the case of GalnAs/InP and GaN/AlGaN QWIPs.
Both the collisionless and collision-dominated cases are considered. The elementary process causing the dark
current is the transfer of an electron from one well to the neighboring well. This happens under the influence of the
applied electric field, and has in general both thermally activated and tunneling components. The larger the applied
electric field, the larger is the squared velocity change of the carriers, and the larger is the obtained conventional
quantum 1/f effect. The detectivity of the devices is calculated on this basis. Quantum well intersubband
photodetectors (QWIPs) can be extended in principle from infrared into the THz region.

Keywords: Quantum 1/f noise, QWIPs, Photodetectors, Quantum wells, Conventional quantum 1/f effect, Dark
current, 1/f noise, detectivity. Quantum Well Intersubband Photodetectors.

1. INTRODUCTION

Most of the observed ubiquitous 1/f noise' is fundamental, in the form of quantum 1/f noise” >, and the dark current
in QWIPs is no exception. Quantum 1/f noise is the manifestation of the quantum 1/f effects, a new aspect of
quantum mechanics. Quantum 1/f effects (Q1/fE) characterize the form in which electrical charges, and matter
(gravidynamical Q1/fE) in general, exist in space and time. They arise from the nonlinearity caused by interaction
of electrical charges with their field. The Q1/fE are therefore as fundamental as the notion of scattering, or as the
notion of interaction (or "existence"). They include the conventional” ™ and coherent™ *'%!4-16 18. 20 QI/fE. The
first was derived also from the quantum information theory”, and the second from the asymptotic form of the only
. . 15,14,12 . . o .
physical electrodynamic propagator , which has a branch-point singularity.
Although quantum 1/f noise is epistemologically a special case of fundamental 1/f noise, being caused by the
simultaneous presence of nonlinearity and homogeneity in quantum electrodynamics at low frequencies, as defined
by the universal sufficient criterion23, it is the most fundamental from the ontological point of view. That is the point
of view that constructs the universe starting from quarks and leptons. In particular, the Q1/fE is more fundamental
than thermal noise and modulates” '* the level of Nyquist (or Johnson) noise in current or voltage (but not in
available power) to yield the physical thermal noise.
Below, the QI/fE are defined and derived in physical terms with references to more rigorous derivations. The
conventional QI1/fE is then applied to various scattering mechanisms in homogeneous semiconductors, to
GalnAs/InP and GaN QWIPs.

2. CONVENTIONAL AND COHERENT QUANTUM 1/F EFFECTS

2.1. Conventional quantum 1/f effect

This effect2'23, is present in any cross section or process rate involving charged particles or current carriers. The
physical origin of quantum 1/f noise is easy to understand. Consider for example Coulomb scattering of current
carriers, e.g., electrons on a center of force. The scattered electrons reaching a detector at a given angle away from
the direction of the incident beam are described by DeBroglie waves of a frequency corresponding to their energy.
However, some of the electrons have lost energy in the scattering process, due to the emission of bremsstrahlung.
Therefore, part of the outgoing DeBroglie waves is shifted to slightly lower frequencies. When we calculate the
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probability density in the scattered beam, we obtain also cross terms, linear both in the part scattered with and
without bremsstrahlung. These cross terms oscillate with the same frequency as the frequency of the emitted
bremsstrahlung photons. The emission of photons at all frequencies results therefore in probability density
fluctuations at all frequencies. The corresponding current density fluctuations are obtained by multiplying the
probability density fluctuations by the velocity of the scattered current carriers. Finally, these current fluctuations
present in the scattered beam will be noticed at the detector as low frequency current fluctuations, and will be
interpreted as fundamental cross section fluctuations in the scattering cross section of the scatterer. While incoming
carriers may have been Poisson distributed, the scattered beam will exhibit super-Poissonian statistics, or bunching,
due to this new effect which we may call quantum 1/f effect. The quantum 1/f effect is thus a many-body or
collective effect, at least a two-particle effect, best described through the two-particle wave function and two-
particle correlation function.

Let us estimate the magnitude of the quantum 1/f effect semiclassically. We start with the classical (Larmor)
formula 2q%a%/3¢3, for the power radiated by a particle of charge q and acceleration a. The acceleration can be
approximated by a delta function a(t) = AV3(t) whose Fourier transform AV is constant and is the change in the
velocity vector of the particle during the almost instantaneous scattering process. The one-sided spectral density of
the emitted bremsstrahlung power 4q2(AV)2/3c3 is therefore also constant. The number 4q2(AV)2/3hfc3 of
emitted photons per unit frequency interval is obtained by dividing with the energy hf of one photon. The
probability amplitude of photon emission [4q(AV)2/3hfc3]1/2¢Y is given by the square root of this photon number

spectrum, including also a phase factor €. Let y be a representative Schrodinger catalogue wave function of the
scattered outgoing charged particles, which is a single-particle function, normalized to the actual scattered particle
concentration. The beat term in the probability density p=lyl? is linear both in this bremsstrahlung amplitude and in
the non-bremsstrahlung amplitude. Its spectral density will therefore be given by the product of the squared
probability amplitude of photon emission (proportional to 1/f) with the squared non-bremsstrahlung amplitude
which is independent of f. The resulting spectral density of fractional probability density fluctuations is obtained by
dividing with Iyl# and is therefore

hp1™4S),2(f) =8q%(AV)2/3hfNc? =20A/MN =j725,(f), (2.1)

where oo = e2/h ¢ = 1/137 is the fine structure constant and oA = 4q2(AV)?/3hc3 is known as the infrared exponent
in quantum field theory, and is known as the quantum 1/f noise coefficient, in electrophysics. The experimentally
measured quantity also depends on many superposition or averaging processes and is often called, for historical
reasons, Hooge constant.

The spectral density of current density fluctuations is obtained by multiplying the probability density fluctuation
spectrum with the squared velocity of the outgoing particles. When we calculate the spectral density of fractional
fluctuations in the scattered current j, the outgoing velocity simplifies, and therefore Eq. (2.1) also gives the
spectrum of current fluctuations S,(f), as indicated above. The quantum 1/f noise contribution of each carrier is
independent, and therefore the quantum 1/f noise from N carriers is N times larger. However, the current j will also
be N times larger, and therefore in Eq. (2.1) a factor N was included in the denominator, for the case in which the
cross section fluctuation is observed on N carriers simultaneously.

The fundamental fluctuations of cross sections and process rates are reflected in various kinetic coefficients in
condensed matter, such as the mobility W and the diffusion constant D, the surface and bulk recombination speeds s,
and recombination times 7T, the rate of tunneling j, and the thermal diffusivity in semiconductors. Therefore, the
spectral density of fractional fluctuations in all these coefficients is given also by Eq. (2.1).

When we apply Eq. (2.1) to a certain device, we first need to find out which are the cross sections G or process rates
that limit the current I through the device, or that determine any other device parameter P. Then we have to
determine both the velocity change Av of the scattered carriers and the number N of carriers simultaneously used to
test each of these cross sections or rates. Further, Eq. (2.1) provides the spectral density of quantum 1/f cross section
or rate fluctuations. These spectral densities are multiplied by the squared partial derivative (61/06)? of the current,
or of the device parameter P of interest, to obtain the spectral density of fractional device noise contributions from
the cross sections and rates considered. After doing this with all cross sections and process rates, we add the results
and bring (factor out) the fine structure constant o as a common factor in front. This yields excellent agreement
with the experiment]’ 1011, ]3, in a large variety of samples, devices and physical system524'27.

Eq. (2.1) was also derived in second quantizationS’ 912,14, 15, 18, 22, 23, using the commutation rules for boson field
operators. For fermions one repeats the calculation replacing in the derivation the commutators of field operators by
anticommutators, which yields



p28,(f) =j28i(f) = 62S4(f) = 20.A/f(N-1). (2.2)

This causes no difficulties, since N>2 for particle correlations to be defined, and is practically the same as Eq. (2.4),
since usually N>>1. Egs. (2.1) and (2.2) suggest a new notion of physical cross sections and process rates which
contain 1/f noise, and express a fundamental law of physics, important in most high-technology applications.

We conclude that the conventional quantum 1/f effect can be explained in terms of interference beats. The
interference is between the part of the outgoing DeBroglie waves scattered without bremsstrahlung energy losses
above the detection limit (given in turn by the reciprocal duration T of the 1/f noise measurement) on one hand, and
the various parts scattered with bremsstrahlung energy losses. There is more to it than that: exchange between
identical particles is also important. This, of course, is just one way to describe the reaction of the emitted
bremsstrahlung back on the scattered current. This reaction, itself an expression of the nonlinearity introduced by
the coupling of the charged-particle field to the electromagnetic field, thus reveals itself as the cause of the quantum
1/f effect, and implies that the effect can not be obtained with an independent boson model. The effect, just like the
classical turbulence-generated 1/f noise” >, is a result of the scale-invariant nonlinearity of the equations of motion
describing the coupled system of matter and field. Ultimately, therefore, this nonlinearity is the source of the 1/f
spectrum in both the classical and quantum form of the theory. We can say that the quantum 1/f effect is an infrared
divergence phenomenon, this divergence being the result of the same nonlinearity. The quantum 1/f effect is, in
fact, the first time-dependent infrared radiative correction. Finally, it is also deterministic in the sense of a well
determined wave function, once the initial phases y of all field oscillators are given. In quantum mechanical
correspondence with its classical turbulence analog9’ 23, the new effect is therefore a quantum manifestation of
classical chaos which we can take as the definition of a certain type of quantum chaos.

2.2. Elementary application to homogeneous semiconductor samples.

In a homogeneous sample of length L, cross section A, volume V=AL, carrier mobility |, carrier concentration n
and total number of carriers N=nAL, the conductance C=npeA/L and the resistance R=1/C will exhibit quantum 1/f
fluctuations with a spectral density Sgc,c of fractional fluctuations 8C/C = -8R/R given by

Sscic(®) = Ssrr(f) = Sguu(D) = o, /tN. (2.3)

Size dependence. To calculate o, we first evaluate the parameter s = nA-5.5:10"!3 cm introduced in Sec. 2.4 below. If
s>1, coherent quantum 1/f noise (see Sec. 2.3 below) is observed with o,= 20./7.

If s<1, Eq. (2.6) requires knowledge of (0,)cony- The latter is calculated from Eq. (2.1) or (2.2) for each type of
scattering which limits the mobility i = et/m” of the carriers. Here 7 is the mean collision time or scattering time of
the carriers and m" is their effective mass. In terms of the mean frequency of collisions v = 1/T = 6vn;, one obtains [
=e/vm" = e/ovnm”. Here v is the mean speed of the carriers between collisions, ¢ a scattering cross section and n;
the concentration of scatterers.

Conventional Q1/fE in the mobility. In general, Matthiessen' rule allows us to write, in terms of mobility,
V=1 , (2.4)

J
where [J; is the mobility which would be obtained if only the j-th scattering mechanism would be present and would
limit the mobility. Applying a quantum 1/f fluctuation to Eq. (2.7), squaring and averaging quantum mechanically
and statistically, we obtain as a reasonable first approximation

S = D 8/ 5 Sguu(® = D) 2Sg(D). (2.5)

J J
Eq. (2.2) yields the strongest conventional quantum 1/f noise for umklapp scattering, followed by the f and g forms
of inter-valley scattering or inter-valley with umklapp (in indirect band gap semiconductors like Si and Ge only),
followed by normal phonon scattering, by neutral impurity scattering and by ionized impurity scattering (that has



lowest 1/f noise). The corresponding terms in Eq. (2.5) reflect this hierarchy only partially, because of the factors
(},L/},Lj)2 which gauge the importance of each of the scattering processes in limiting the resultant mobility. To gain
physical insight, the conventional quantum 1/f effect present in the various scattering processes is just estimated
below and is actually calculated in Sec. 4.4 by taking into account the corrections introduced by the momentum
distribution of the carriers and by the phonon distribution function at the temperature T.

Impurity scattering. For instance, in the case of impurity scattering, n; is. One obtains Sg,(f) = S5e/6(1).

The physical scattering cross section G, in turn, exhibits the Q1/fE with the spectral density given by Egs. (2.1) and
(2.2)

Sso/o(Di = (40/3nfN)<[Av/c]*> = (3:10-3/fN)(h Ak/m*c)?. (2.6)
The average quadratic velocity change of the electrons in a scattering process is smaller in impurity scattering than
in lattice scattering which includes normal phonon scattering, inter-valley scattering in indirect band gap
semiconductors with several "valleys", and umklapp scattering, as well as optical phonon scattering. The
Coulomb/Rutherford or Conwell/Weiskopf scattering cross section is proportional to 1/|Ak[*, which favors small
angle scattering. Nevertheless, there are a few larger angle scattering events which are most effective in limiting the
mobility and which therefore are decisive in the exact evaluation of the Q1/fE coefficient as a slow function of n;,
the concentration of impurities, given in the theory section below. This corresponds approximately to assuming ran-
domizing collisions,

<(Av)*>; = 2<v>> =6kgT/m", (2.7)
although impurity scattering is not randomizing. With m, representing the free electron mass, we obtain this way

Ssun(Di =Sso/o(D; =(40/3nfN)<[6kpT/m" c?]> =(10-/fN)(Tm,/4m"100K). (2.8)
The quantum 1/f noise power present in impurity scattering is therefore proportional to T.

Normal acoustic phonon scattering. For normal phonon scattering, the product ovn; has to be replaced by
the lattice scattering rate I', given by an effective number of phonons times the squared phonon scattering matrix
element, |[M|%. The latter exhibits quantum 1/f fluctuations, because the carriers emit bremsstrahlung photons in the
scattering process. Therefore, if the mobility | of electrons (of random velocity v=h k/m") is limited by phonon
scattering, we get

Ssun(Dap =Ssrr(Dap =(40/3TiN)<(h AK/m*c)?>> =(3-10-3/fN)<(h Aq/m*c)*>. (2.9)

Here Aq is the acoustic phonon momentum transfer in the scattering process and the brackets indicate the average
value. Using the linear approximation of the acoustic phonon dispersion relation E;=v,qh, with v, denoting the
speed of sound, we obtain for a thermal phonon with E=kgT/2

<(h Ag/m*c)>> = (kgT/2vgm*c)? = 1.25:10 (m,/m")? (2.10)
We finally obtain
Sawp(Dap = (3.75-10°F/fN)(m,/m")%. (2.11)

The mean square momentum change and the 1/f noise are much larger (e.g., 50 times) for acoustic phonon
scattering, because impurity scattering is mainly small-angle scattering. A more rigorous treatment for the many
types of scattering present in semiconductors, taking into account the corrections introduced by the momentum
distribution of the carriers and the phonon distribution function at the temperature T is given in the theory section
below in the second half of this article for the case of silicon.

Umklapp scattering. In this case the momentum change is close to the smallest reciprocal lattice vector
approximated by h G=2rh/a, where a is the lattice constant. Therefore, the first form of Eq. (2.10) yields

(). = (4o/3m)[2mh/am"c]? = (6:10°8/fN)(m,/m")? 2.12
oU’conv



for Umklapp scattering.

Inter-valley scattering. In indirect band gap semiconductors the location of the energy minima of the
conduction band in k-space is different from the location of the valence band energy maxima. In thermal equilibrium
electrons and holes are present close to the minima of the conduction and valence bands. Scattering processes
carrying electrons from one minimum (or valley) to the other are known as inter-valley scattering. This is large-
angle scattering, compared with normal (intra-valley) scattering, and it is therefore affected by larger conventional
quantum 1/f noise, almost as large as Umklapp scattering. Indeed, e.g., in Si the 8 minima are located at 0.85G from
the origin, where G is the smallest reciprocal lattice vector. For g-processes which scatter an electron to the valley
symmetrically located on the other side of the origin, Eq. (2.12) remains valid with a correction factor of (0.85)2. On
the other hand for f-processes in Si, scattering electrons between to neighboring valleys, the factor is 2 times
smaller. There is also the possibility of inter-valley scattering with umklapp which requires a correction factor of (1-
0.85)2. Eq. (2.12) thus yields for inter-valley scattering with Umklapp

(Ot ) ooy = 0.0225 (4oU3m)[27th fam”c]? = (1.35:10°/fN)(m,/m")>2. (2.13)

While this appears to indicate a lower contribution from these inter-valley umklapp processes, the corresponding
(},L/},Lj))2 factor in Eq. (2.8) insures a larger contribution to the resulting spectral density of quantum 1/f noise Sgy,(1).
Physically, this is caused by the scarcity of high-energy phonons able to bridge the momentum gap of 0.85 G.

2.3 Physical derivation of the coherent quantum 1/f effect

This effect arises in a beam of electrons (or other charged particles propagating freely in vacuum) from the
definition of the physical electron as a bare particle plus a coherent state of the electromagnetic field™. It is caused
by the energy spread characterizing any coherent state of the electromagnetic field oscillators, an energy spread
which spells non-stationarity, i.e., fluctuations. To find the spectral density of these inescapable fluctuations which
are known to characterize any quantum state which is not an energy eigenstate, we use an elementary physical
derivation based on Schrodinger's definition of coherent states. This supplements a rigorous derivation' > '* ]5,
which was given from a well-known physical, quantum-electrodynamical, propagator.

The coherent quantum 1/f effect will be derived™ in three steps: first we consider a hypothetical world with just one
single mode of the electromagnetic field coupled to a beam of charged particles; considering the mode to be in a
coherent state, we calculate the autocorrelation function of the quantum fluctuations in the particle-density (or
concentration) which arise from the nonstationarity of the coherent state. Then we calculate the amplitude with
which this one mode is represented in the field of an electron, according to electrodynamics. Finally, we take the
product of the autocorrelation functions calculated for all modes with the amplitudes found in the previous step.

Let a mode of the electromagnetic field be characterized by the wave vector q, the angular frequency ® = cq and the
polarization A. Denoting the variables q and A simply by q in the labels of the states, we write the coherent state of
amplitude |Zq| and phase arg z, in the form

|zq> = exp[-(1/2)|zq|2] exp[zqaq+] |0>= exp[-(1/2)|zq|2][ Ean /\/n!] |n>. (2.14)
n=0

Here a," is the creation operator which adds one energy quantum to the energy of the mode q. Let us use a
representation of the energy eigenstates in terms of Hermite polynomials H,,(x)

n> = (20nNm)"1/2 exp[-x2/2] Hy(x) eln®t, (2.15)

This yields for the coherent state |Zq> the representation

V(%) = exp[-(1/2) |z, 2Jexp[-x2/2] i[zqew]—H(fZ) = exp[-|z,2/2]exp[-x2/2]exp[-2,2e 210t + 2x7, it (2.16)
~ [n!1(2"\7)]"



In the last form the generating function of the Hermite polynomials was used. The summation extends to infinity at
the upper limit. The corresponding autocorrelation function of the probability density function, obtained by
averaging over the time t or the phase of Zy is, for |zq|<<1,

P (1.x) = <Vl | Veloe? > ={1 +8x2[z,|2[1 + cos w1] - 2lz,|*}exp[-x?/2]. (2.17)
Integrating over x from -oo to oo, we find the autocorrelation function

Al(T) = 2)12{1 +2Jz|*cos o). (2.18)

This result shows that the probability distribution contains a constant background with small superposed oscillations
of frequency ®. Physically, the small oscillations in the total probability describe self-organization or bunching of
the particles in the beam. They are thus more likely to be found in a measurement at a certain time and place than at
other times and places relative to each other along the beam. Note that for z, = 0 the coherent state becomes the
ground state of the oscillator which is also an energy eigenstate, and therefore stationary and free of oscillations.

We now determine the amplitude z, with which the field mode q is represented in the physical electron. One way to
do this is to let a bare particle dress itself through its interaction with the electromagnetic field, i.e. by performing
first order perturbation theory with the interaction Hamiltonian

H'= A, j* = -(e/c)V-A + ed, (2.19)

where A is the vector potential and ¢ the scalar electric potential. Another way is to Fourier expand the electric
potential e/r of a charged particle in a box of volume V. In both ways we obtain the well-known result

l2g = n(e/a)?(h cqV) L. (2.20)

Considering now all modes of the electromagnetic field, we obtain from the single - mode result of Eq. (2.18)

A(1)= C {1 + 2|z [2cos ot} =C{1 + £ 2Jz [>cos ogT}= C{1 +4(V/2313) [d3q [z [>cos ot} (2.21)

Here we have again used the smallness of z, and we have introduced a constant C. Using Eq. (2.23) we obtain
A(1) = C{1 +4n(V/2313)(dn/V)(e2/h ¢) l(dg/q)cos o t}= C{1 +2(a/r) [cos(wr)dw/m}. (2.22)

Here o = ¢2/h ¢ is Sommerfeld's fine structure constant 1/137. The first term in curly brackets is unity and
represents the constant background, or the d.c. part of the current carried by the beam of particles through vacuum.
The autocorrelation function for the relative (fractional) density fluctuations, or for the current density fluctuations
in the beam of charged particles is obtained therefore by dividing the second term in curly brackets by the first term.
The constant C drops out when the fractional fluctuations are considered. According to the Wiener-Khintchine
theorem, the coefficient of coswrt is the spectral density of the fluctuations, Sl\vlz for the particle concentration, or Sj

for the current density j = e(k/m)[y/?
Sy 2 <l >> =S;<j>2 =2(o/nfN) =4.6.10° £IN"1, (2.23)

Here we have included the total number N of charged particles which are observed simultaneously in the
denominator, because the noise contributions from each particle are independent. This result is related to the
conventional Quantum 1/f Effect introduced above. Eq. (2.23) was also derived directlylz’ 14 ]5, from the well-

known physical QED propagator of Kulish, Faddeev and Zwanziger.

2.4 Relation between coherent and conventional quantum 1/f effect.

We turn now to the connection” with the conventional Quantum 1/f Effect. The coherent state in a
conductor or semiconductor sample is the result of the experimental efforts directed towards establishing a steady
and constant current, and is therefore the state defined by the collective motion, i.e. by the drift of the current



carriers. It is expressed in the Hamiltonian by the magnetic energy E,, per unit length, of the current carried by the
sample. In very small samples or electronic devices, this magnetic energy

E,, = [(B2/8m)d3x = [nevS/c]2[1/4 + In(R/r)] (2.24)

is much smaller than the total kinetic energy Ej of the drift motion of the individual carriers

Ey = Zmv2/2 = nSmv2/2 = E, /s. (2.25)

Here we have introduced the magnetic field B, the carrier concentration n, the cross sectional area S and radius r of
the cylindrical sample (e.g., a current carrying wire), the radius R of the electric circuit, and the "coherence ratio"

s = Epy/Eyc = 2ne2S/mc2[1/4 + In(R/r)] = 2¢2N"/mc? = 2N’r, = 5.68'10"*cm'N”, (2.26)

where N' = nS is the number of carriers per unit length of the sample, r.= ¢*/mc” = 2.84'10™"° cm is the classical
radius of the electron, and the expression in rectangular brackets has been approximated by unity in the last form.
We expect the total observed spectral density of the mobility fluctuations to be approximated by a relation of the
form

(1/p2)S,(F) = [1/(1+s)][20A/fN] + [s/(1+8)][20/fN] (2.27)

which can be interpreted as an expression of the effective Hooge constant if the number N of carriers in the

(homogeneous) sample is brought to the numerator of the left hand side. In this equation ocA:2oc(Av/c)2/3n is the
usual nonrelativistic expression of the infrared exponent, present in the familiar form of the conventional quantum
1/f effect. This equation is limited to quantum 1/f mobility (or diffusion) fluctuations, and does not include the
quantum 1/f noise in the surface and bulk recombination cross sections, in the surface and bulk trapping centers, in
tunneling and injection processes in emission or in transitions between two solids.

two solids.

Note that the coherence ratio s introduced here equals the unity for the critical value N' =N" = 2-1012/cm.,

e.g. for a cross section S = 2.10-4 cm? of the sample when n = 1016, For small samples with N'<<N" only the first
term survives, while for N'>N" the second term in Eq. (2.27) is dominant.
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Fig. 1: The QU/f parameter oy and spectrum of fractional mobility fluctuations fSg,, =04/N shown as a function of
the number N of carriers in the sample.

The transition region, in which we observe the proximity effect, is marked by a red arrow in Fig. 1. The wire
diameter scale gets shifted to the right (or left) proportionally when the concentration of carriers increases (or
decreases) from the assumed value of 10" cm™. We took the cross section to be (140nm?), the length 5 mm, and the
concentration n = 10"7cmas an example. The flat portion of the lower curve explains why 1/f noise was less of a
problem during the past miniaturization stage. It is now again a problem, as the increase below logN=3 shows.



The case of FETs/HFETs. Finally, an important special case should be mentioned. Eq. (2.24) was
derived for the case of a cylindrical sample with circular cross section of radius r, shaped like a straight wire.
Modern FETs and HFETs try to increase the denominator N in Eq. (2.27) without markedly increasing the
coherence parameter s, by choosing an extreme case of a rectangular cross section for the portion between source
and drain, and even more extreme for the channel, which is the region under the gate. Indeed, the circular cross
section is replaced by a rectangle with a very large width w of several hundreds of microns and less than a micron
thick, the channel being even thinner. The channel is reduced to a 2-dimensional quantum sheet, which is a quantum
well of size (thickness) t in the 3™ dimension, towards the gate. Most important, the “length” Lpg of the source-to-
drain distance is only of the order of 1micron, while the gate length is just about a quarter micron or less. In this
case the kinetic energy Ey per unit length in the direction of Lpg is still given by Eq. (2.25), but the magnetic energy
E., per unit length in the direction of Lpg is roughly proportional with the first power of w only, instead of w?, and
can be approximated by

Eum = nt[In(w/2Lps)]Lps[nevS/c]*/w. (2.28)
This indicates decoherence along the device width w. For w>>Lpg>t, this yields a coherence ratio
S = Tl:nr(,tLDsln(w/ZLDs) for W>>LDs>t, (229)

which shows that only an effective width w=w¢s about equal to Lpg should be used in the calculation of the
coherence parameter s in this special case; larger widths are subject to de-coherence, i.e., their magnetic energy no
longer increases proportional to w?, or N*2. This favors lower, mainly conventional, quantum 1/f noise in these
devices, in spite of the large values of w, in agreement with the practical results, which anticipated the quantum 1/f
result simply by trial and error, unaware of the subtleties of the transition from coherent to conventional Q1/f noise
in this case, and in general. It also shows that fragmentation of the extremely large widths w does not reduce 1/f
noise in this special case.

Note: To derive the rough approximation given in Eq. (2.28), one writes the expression of the coherent
(e<n?) contribution of the currents in the short, but very wide channel to the magnetic energy of the circuit in the
form

E.=I[i(x)j(x*)2¢% x-x’[Jd*xd*x =e*v 2] [n(x) n(x’)/2¢*[x-x°|]d*x d*x . (2.30)

The integral coincides with the electrostatic energy of an equivalent constant charge density numerically equal to
e/c* in CGS, or ep,/4me, in SI, uniformly distributed over the volume wtLps of the channel. This energy, in turn, is
calculated as the corresponding volume integral over the squared equivalent electric field, using Lps as a lower cut-
off. The equivalent electric field is netw/cr(r*+w?/4)"* at a distance r in the median plane of a segment of length w
oriented along the width w of the channel. A more elaborate calculation does not simply approximate the field with
its value in this median plane, but yields similar results in the end.

3. APPLICATION TO QWIPS

The Quantum Well Intersubband Photodetector is a semiconductor photon detector that responds to absorption
within its bandgaps. The structure is designed to allow an excited carrier within the well to escape, joining others to
form what is called the dark current. Because the dark current is a factor in optimizing device performance, we will
investigate the noise associated with this current. The noise is described by the conventional quantum 1/f effect™™
which describes the fundamental fluctuations in the physical cross sections and process rates that generate the dark
current. The calculation of the 1/f noise is then compared to experimental data from Jutao Jiangzg. A similar
calculation was performed by us earlier for n+p junction infrared detectors and MIS infrared detectors".

3.1Theory

Applying an electric field to the quantum well accelerates the electrons, and the resulting drift velocity gives rise to
the dark current. Conservation of energy gives an expression for this velocity

%(Av)zz(Lb+Lw)eE+|Wo|a G.D



where m is the electron mass, L, is the barrier thickness, L, is the width of the well, E is the magnitude of the
applied field and W, is the binding energy of the well. Here we assume that the carriers move under uniform
acceleration between the wells and that the effects of collisions between the carriers are small enough to be ignored.
The conventional quantum 1/f effect that occurs in these devices is the result of fluctuations in the capture cross
section that determines the mobility and the dark current. According to Eq. (2.1), the spectral density of these
current fluctuations is given by

400 (AVY (3.2)
Sy =S = | == | =785, () -
% du 3 fN( c ) J S Jaark (f )
where N is the number of carriers defining the current. Substituting the velocity change from Eq. (3.1), we obtain
4o 2 o 33
Sa/'d(,,‘ = 37 /N (mcz J[(Lh +L, )eE + VVO]JZW/« ( )
Next, recalling the relation between the dark particle-current j,.q and the number of carriers,
= — ) V.wrriers ) .
Jdark < dx >< carrie >

Classically, an electron accelerated between two points has a final velocity of

v, =2a(Al) (3.5)

and we write the average velocity of the carriers as

< vcarriers >= %\/ZQ(AZ) = %\/ZG(Lb + Lw) : (3 6)

To simplify, we let L = L, + L, represent the lattice constant of the quantum well and use a = eE/m for the
acceleration. The dark current is then

N1 |2eEL
N1 (3.7)
.]dark L 2 m

Finally, with this relation between the number of carriers and the dark current, the spectral density can be simplified

8a hY) el . (3 8)
=T LeE+W,j, . :
S Juark 377:](;’)16'2 [ [2Lm ][ €. 0 ]]darA

To quantify the dark current fluctuations, we now apply the data and parameters of the GalnAs/InP QWIP fabricated
and tested by Jutao Jiang [29].

Table 1. Values of the GalnAs/InP QWIP Parameters

PARAMETER: Value used
Dark Current jgark at 77K 2 HA
MQW lattice period L 570 A
Total voltage applied 20EL 2 v
Voltage applied on 1 well = EL 0.1 v
Binding energy in the well W, 0.1 eV

Next, we apply the specific parameters of the QWIP device to our derived spectral density equation (3.8). The
binding energy, Wy, for the well is 0.251eV. The combined length of the barrier and the well in the direction of the
current j that is perpendicular to the well, is 571 angstroms. At low temperatures (around 70K), the dark current is
around 2uA. Plugging these values shown in Table 1 into Eq. (3.8) and dividing Eq. (3.8) by the square of the
current jg.«, We obtain the spectral density of its fractional fluctuations in the form

Ssii(D=Gaar) S =(6.2'10>0.2eV/f5.510°%V)(0.1'1.6107"°1/2:5.7>10"°m>0.9:10 k) "*(1.6:10°C/2'10°A). (3.9)
Therefore, with the effective mass of the electrons in the InP barrier m=0.077m,, we get a 48 times larger result

Syi() =(2.2510°/)(1.66'10'2)(8'1074)48 =1.44'10°*/f. (3.10)



Amplifying Eq. (3.10) with the square of jii =1.2510"%/s we obtain the spectral density of dark current fluctuations
Ss(H) =(2.2510°/)(1.66'10'%)(1.25:10"/s*)=(2.26'10"/s*)/f. (3.11)
The corresponding power spectral density Sg(f) of electrical current fluctuations 8I, and rms noise current I, are
Sa(h) =(1.610"°C)*(4.7.10"%/s*)/f = 5.73 10 A¥/f and [,=2.410"° A/f"2. (3.12)
3.2. Comparison with the experiment

Finally, an experimental value for the current noise (I.ise ) is obtained by means of the detectivity and responsivity
data reported by Jutao Jiang. The NEP=P.q;, is the optical power producing a signal equal with the rms noise
current. The detectivity (D) is proportional with the inverse of the noise equivalent optical power NEP=Pcquiy,

oo L (3.13)

equiv
where we have assumed unit area of the detector and a detector electrical bandwidth of 1 Hz. On the other hand, the
responsivity (R) is defined as the current generated per optical power unit, and therefore

R = Lnoice (3.14)
equiv

This implies that the current noise can be written

1. = % or, equivalently, log/, . =logR—logD" (3.15)
The data gives the following relations for detectivity and responsivity, both as functions of the bias voltage

log D" =9——~ (3.16)

2volts
3V
logR,,, =—-2+ (3.17)
E Fpea 4volts

which can easily be compared with Eq. (3.12):

logl,,, =logR-logD" _( 5, 3V \ (o _V \__;;, ¥ (3.18)

4volts 2volts 4volts

For V=2 volts this experimental result is within one order of magnitude and just slightly larger than our theoretical
result of 2.410™° A/f'"*obtained in Eq. (3.12) above from first principles, without any adjustable parameters.
Furthermore, the observed dependence on the voltage in (3.18) is proportional to V'** in the rms noise current, i.e.,
proportional to V> in the spectral density of current fluctuations. In the Q1/f theory result (3.8) above, the last 3
factors in the spectral density of current fluctuations are proportional to V]/Z, V, and V respectively, resulting in a

total proportionality to V*? for V not too small, in nice agreement with the experiment.

Often the collisions will be important. To investigate the collision-dominated case, we will consider the drift
velocity of the charge carriers to be vq4 = LE, where W is the mobility of the charge carrier. The spectral density is
given by

eEL +W,
Sy = Sugy = 3:;;\/[ e ]=JS 25 G2
where total dark current is Jy,x = n,Avq = n,A LWE. The number of charge carriers N can be written as n,AL where
n, is the doping level of the well. L is the total lengtb of the device and L; is the length of the periodjcity, or the
length of the well and barrier. The effective mass, m, is related to the mass of the free particle by m = 0.077m,.
The spectral density is then
g . 4 (eELF +W, ] (3.20)
et 37 fing AL
This yields results similar to Eq. (3.12).

* 2
m c

3.3. Conclusions

From Egs. (3.18), (3.12), and (3.8) we see that the quantum 1/f formulas correctly describe the 1/f noise in the dark
current of QWIPs, both in magnitude and in its dependence on bias. The photo-generation process does not’’ have
quantum 1/f noise. These new analytical formulas allow for the first time optimization of the QWIPs with respect to



parameters such as choice of the semiconductors used, i.e., the effective mass of the carriers, band and subband
parameters, well geometry, etc. Quantum well intersubband photodetectors (QWIPs) can be extended in principle

from infrared into the THz region
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